In-situ observations of microstructure evolution of the electron-irradiated multi-wall carbon nanotubes (MWCNT) were carried out by using a high voltage electron microscope (HVEM). Electron irradiation at relatively low temperatures exhibited changes in the structure of the MWCNT, such as in the distance and ruggedness of walls. The MWCNT appeared to be stable during electron irradiation at relatively high temperatures probably due to a higher probability of recombination between knock-on atoms and vacancies in walls, meaning that composites developed with CNT could be stable and maintain high thermal conductivity during irradiation at high temperatures.
Introduction
The first wall of a blanket plays a role in heat-exchange and is subjected to a high heat flux from fusion plasma. One of important issue here is the low thermal conductivity of structural materials, such as F82H, as heat-exchange components. We are considering the application of CNT, which has a very high thermal conductivity, for applications as highly thermal conductive components of structures. However, the radiation response of CNT when included as a part of high thermal conductive structure components is still unknown. This study performed in-situ observations of the microstructure evolution of multi-wall carbon nanotubes (MWCNT) from room temperature to 773 K using a high voltage electron microscope (HVEM).
Experimental
The MWCNT used in this study were 2030 nmº and about 1 µm long. First intertwined MWCNTs were dispersed in water, and then dripped in ethanol for agglomeration. Some of the agglomerated MWCNTs were mounted on a Cugrid (3 mm in diameter) for the electron irradiation experiment. The mounted MWCNT was electron-irradiated at R.T., 373, 473, 573, 673, and 773 K by using the multi-beam HVEM (operated at 1250 keV) of Hokkaido University. The flux and total dose of the electron beam were 2. 
Results and Discussion
Typical microstructures of the as-received MWCNT and the corresponding diffraction pattern of a part of the wall are shown in Fig. 1 . The outer and the inner tube diameters of asreceived MWCNT were determined to be 30 and 15 nm, respectively. A high resolution TEM showed a clear lattice image of the walls as seen in Fig. 1(b) . Further, the corresponding FFT image of the walls showed what appears to be diffraction spots. From these results, it is suggested that the basal planes of the MWCNT would be straight and the space between planes (walls) wide and well maintained before irradiation. Figure 2 shows sequences of microstructural changes in the MWCNT electron-irradiated up to 2.3 © 10 23 e/cm 2 at 373 and 673 K. Electron irradiation at 373 K (top panels in Fig. 2 ) resulted in changes in the morphology of the MWCNT; the lattice image of the basal planes appeared to become disconnected and became wavy at the higher irradiation doses. A likely cause of this would be the formation of interstitial clusters induced between basal planes. The number of interstitial clusters would be increased with the irradiation dose. The basal planes in MWCNT irradiated at 673 K (bottom panels in Fig. 2 ) appeared to be maintained without changes in the arrangement even at the dose level of 2.3 © 10 23 e/cm 2 (double the highest dose at 373 K here). This difference in microstructure evolution at the two irradiation temperatures was also clearly indicated in the diffraction pattern of the irradiated area at the various dose levels. With irradiation at 373 K, the diffraction spots appeared widely spread out and became fuzzy with increasing irradiation, while they remained unchanged at 673 K, as shown in the top right inserts in the panels in Fig. 2 . For a detailed analysis of this microstructure evolution, two parameters were considered: (1) the angle of the waves (deflection) in the basal plane and (2) the increment of space between the basal planes. The definitions for these two parameters are shown in Fig. 3 . Here, º is the degree of lattice anisotropy (angle of deflection from the basal plane), D is the maximum lattice spacing, and ¦D is the increment in the lattice spacing. The initial space between basal planes, D 0 , was estimated to be 0.33 nm. The º and the ¦D can be estimated from the corresponding diffraction patterns. Figures 4 and 5 show the changes in º (Fig. 4) and ¦D (Fig. 5) at different temperatures as a function of the irradiation dose, respectively. The results indicate that the space between the basal planes becomes wider and also that the angle of the waves in the basal plane becomes larger with increasing irradiation dose. Further, the two parameters appear to be independent of irradiation dose at the relatively high irradiation temperatures, especially at 673 and 773 K.
It is known that the morphology changes of CNTs may depend on temperature.
14) At relatively lower temperatures, an accumulation of defects would occur and these clusters could become cross-linked. In addition, the probability of the occurrence of these phenomena depends on the electron energy and beam intensity. 4) Electron irradiation by HVEM would be able to knock out C atoms from both the outer and the inner surfaces of the MWCNT and this may lead to the widened space between basal planes, due to deformation of the graphitic shells and the formation of interstitial clusters between basal planes. Less change in the microstructure of the electron-irradiated MWCNT was observed at the higher irradiation temperatures in this study. Krasheninnikov et al. performed computer simulations of the damage to MWCNT under electron irradiation at a low temperature 5) and indicated a crushing of MWCNT with reasonable accuracy, however, none was indicated at higher temperatures. A different simulated result has indicated that recombination of knocked out C atoms could happen at higher temperatures. 6) This would result in a reduction in unstable C atom number. In addition, there is the peak in the dose-dependence temperatures in Fig. 5 with a tendency towards sharper and lower peak irradiation doses at lower temperatures. This could suggest that the defect accumulation and saturation of cross-linked cluster density is temperature dependent. Further study would be needed to clarify the mechanism of this phenomenon.
Conclusions
The stability of MWCNT under irradiation, especially at higher temperatures, was investigated to evaluate the potential for use as components in highly thermal conductive structures in fusion environments. In-situ observation of the microstructure evolution by HVEM showed that the electron irradiation at relatively low temperatures resulted in changes in the structure of the MWCNT, including basal plane disconnection and bending as a result irradiation. While, MWCNT appeared to be stable during electron irradiation at high temperatures, likely due to a higher probability of recombination between knock-on atoms and vacancies, meaning that composites including CNT could be stable and able to maintain high thermal conductivity during irradiation at high temperatures. N. Hashimoto, S. Oie, H. Homma and S. Ohnuki
